The outstanding chemotherapeutic activity exhibited by adriamycin has prompted an extensive search for anthracyclines which do not possess the severe and cumulative dose-dependent cardiotoxicity of adriamycin. This search has led to the deoxyanthracycline aclacinomycin.' Through modification of existing anthracyclines and independent synthesis, the relationships between structure and activity of over 61 anthracyclines have been studied.2 Of significance to synthetic planning is that replacement of the C-4 (anthracycline numbering) hydroxyl group by a hydrogen atom does not materially affect the biological activity. Additionally, variation of the side chain at C-9 has only a small influence on cytotoxicity. The recent discovery by Pence3 that certain 6-deoxyanthracyclines showed the same cytotoxicity on HeLa cells (IDm = 17 ng/mL) as daunorubicin is certain to stimulate further research into this subset of anthracyclines. B~e c k m a n ,~ Gesson: and Swentone have also reported syntheses of 6-deoxyanthracyclines. We have demonstrated that anthracycline precursors can be efficiently constructed by way of a sequential Diels-Alder/Friedel-Crafts pathway.' The pathway began with 3 (R = H) which was transformed into 4 (R = H). Anhydride 4 was then converted into 1 in five steps.s However, direct modification of the aforementioned route (e.g., using 3 (R = Et) to prepare 4 3 4 (R = Et) would create significant problems. The methanolysis of anhydride 4 (R = Et) would undoubtedly be leas selective then for 4 (R = H). Moreover, the Diels-Alder reaction needed to construct 4 might now proceed in reduced yield. This latter concern was supported by the literature precedentg and was addressed first. Furan 5, available from 2-ethylfuran by the method of Hall and co-workers,10 did not afford an adduct when reacted with maleic anhydride under reaction conditions that readily generated adducts from 3 (R = H). Hydroxyfuran 7 was next synthesized by the sequence illustrated in eq 1.
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Benzylation of 2-(2-hydroxyethyl)furan1' followed by a Vilsmeier reaction afforded an aldehyde which was treated with 2,6-(dimethoxypheny1)lithium' and then lithium in ammonia to produce furan 7. Since many Diels-Alder reactions of maleic anhydride with furans are reversible, we reasoned that the alcohol could react with the adduct to form a lactone acid.12 Alternatively, the alcohol could react with maleic anhydride and then intramolecularly cyclize to 8. In practice, the reaction of 7 with maleic anhydride gave lactone acid 8 along with a minor byproduct which was the ester acid from maleic anhydride and 7. This ester acid could not be induced to cyclize to 8 and was hydrolyzed back to 7 with LiOH in CH30H. Adduct 8 was reduced to 9 with hydrogen and palladium-on-carbon to prevent undesired side reactions during the FriedelCrafta cyclization step. Surprisingly, attempted cycliza- Testing results on this conformationally restricted anthracycline a n d its 7-hydroxy counterpart 20 will provide interesting new structure-activity information.
Experimental Section
General Methods. Unless otherwise noted, materials were obtained from commercial suppliers and were used without purification. Tetrahydrofuran and diethyl ether were distilled from lithium aluminium hydride prior to usage. Dichloromethane was distilled from phosphorus pentoxide. AU reactions were conducted under a nitrogen atmosphere, and all extracts were dried over anhydrous sodium sulfate. Melting points were determined on a Fisher-Johns melting point apparatus and are uncorrected. Infrared spectra were obtained on a Beckman IR-4250 or Acculab 2 spectrometer. Nuclear magnetic resonance spectra were determined on a Varian EM-360 spectrometer. High-field (300 MHz) proton spectra were obtained with a Nicolet Magnetics Corporation NMC-1280 spectrometer. All chemical shifts are reported in 6 relative to tetramethylsilane as an internal standard. Carbon-13 NMR spectra were determined on a JOEL FX-9OQ or Nicolet NMC-1280 spectrometer and are reported in ppm relative to the central peak of CDC13 (77.06 ppm). High-resolution mass spectra were recorded on a AEI-MS 902 high-resolution mass spectrometer. Low-resolution mass spectra were recorded on a Finnegan 4023 mass spectrometer. Elemental analyses were determined by Galbraith Laboratories, Inc.
2-[2-(Benzyloxy)ethyl]furan.
To a suspension of sodium hydride (4.30 g, 179 mmol) in 80 mL of THF at 0 "C was added 6 (11.91 g, 106 mmol) in 40 mL of THF. After the mixture was stirred for 30 min, benzyl bromide (12.8 mL, 108 "01) was added dropwise. The reaction mixture was stirred for 12 h and was then poured into ice water. The aqueous phase was extracted with ether. The extracts were combined, washed with water and brine, dried, and concentrated in vacuo. . To a solution of Nfl-dimethylformamide (3.87 mL, 50 mmol) in 10 mL of 1,2-dichloroethane at 0 "C was added phosphorus oxychloride (4.60 mL, 49.5 "01).
After the mixture was stirred for 20 min (10.0 g, 49.5 mmol) in 10 mL of 1,2-dichloroethane was added. The reaction mixture was stirred for 1 h at 0 "C and then 4 h at room temperature. The reaction mixture was then poured into ice water and was neutralized with sodium carbonate. The aqueous phase was extracted with ether. The extracts were combined, washed with water and brine, dried, and concentrated in vacuo. Chromatography on silica gel using 2:l hexane/ether as solvent yielded 9.80 g (86%) of 14 as a colorless liquid 'H NMR (CDC13) 6 2.98 (t, 2 H, J = 7 Hz), 3.73 (t, 2 H, J = 7 Hz), 4.48 (8, Resubmitting the mixture to the reduction conditions (2 equiv of lithium, 15 min) afforded 7. Chromatography on silica gel using 2:l hexane/ethyl acetate provided a 63% yield of 7 as a colorless oil: 300 MHz IH NMR (CDClS) 6 1.88 (br s, 1 H), 2.83 (t, 2 H, 3.72 (s, 3 H), 3.77 (s, 3 H), 3 .82 (t, 2 H, J = 6.5 Hz),
6.69-6.80 (m, 3 H); 13C NMR 28.48, 31.67, 55.54, 56.12, 61.00, 106.78, 106.97, 111.72, 116.40, 128.04, 151.59, 153.02, 153.60 Recrystallization from acetone yielded 1.03 g (80%) of 9 (mp 256-257 "C). The overall yield of 9 from 7 was 60%. Due to the insolubility of acid 9 it was esterified with diazomethane and was characterized as the methyl ester: mp 17C-171 "C; 300-MHz 'H NMR (CDCl,) 6 1. I3C NMR 20.10, 30.48, 32.24, 36.17, 51.34, 51.87, 55.65, 55.88, 58.82, 66.00, 82.05, 88.26, 111.27, 112.46, 117.78, 125.95, 151.78, 153.20, 171.36, 171.50 ppm; IR (CDC13) 2980, 2860,1735,1720 (sh), 1505,1470,1435,1365,1270,1230 ,1050 cm-'. Anal. Calcd for C19H2207: C, 62.98; H, 6.12. Found: C, 62.95; H, 6.11.
8,ll-Dimethoxy-1,12-dioxo-2-oxa-1,2,3,4,4a,5,6,6a,7,12,-12a,l2b-dodecahydro-4a,6a-epoxybenz[a]anthracene (1 1) . To a suspension of 9 (0.526 g, 1.45 mmol) in 14 mL of dichloromethane at 0 "C was added trifluoroacetic anhydride (0.43 mL, 3.04 mmol). The mixture was stirred for 30 min. Tin tetrachloride (0.51 mL, 4.36 mmol) was added at 0 "C. The reaction mixture was stirred for 2 h at 0 OC and then for 5 h at room temperature. The reaction mixture was poured into ice water and was extracted with dichloromethane. The extracts were combined, washed with brine, dried, and concentrated in vacuo. The residue was dissolved in chloroform and was filtered through silica gel to afford 0.424 g (85%) of 11: mp 230-233 "C; 300-MHz 'H NMR (CDCl,) 6 13C NMR 28.26, 28.73, 35.65. 36.50, 48.01, 55.88, 56.32,61.16,65.25, 84,23, 85.23, 110.18, 114.64, 122.60, 129.11, 149.94, 152.59, 172.40, 194.85 ppm; IR (CDC13) 2950 ,1700 ,1590 ,1475 ,1385 ,1260 ,1235 ,1080 H, 5.85. Found: C, 64.96; H, 5.94. 8,ll -Dimet hoxy-12-hydroxy-2-oxa-1 -oxo-1,2,3,4,5,6-hexahydrobenz[a ] anthracene 12. To a solution of 11 (0.226 g, 0.66 mmol) in 5 mL of dichloromethane at 0 "C was added boron trifluoride etherate (0.09 mL, 0.73 mmol). The reaction mixture was stirred for 20 h at room temperature and was then poured into ice water. The aqueous phase was extracted with dichloromethane. The extracts were combined, washed with water, dried, and concentrated in vacuo. Chromatography on silica gel using 2:l chloroform/hexane as solvent afforded 0.144 g (67%) of 12: mp 155-158 "C; 300-MHz 'H NMR (CDC13) 6 2.36 (t, 2 H, J = 7 Hz), 2.57 (t, 2 H, J = 7 Hz), 2.81 (t, 2 H, J = 7 Hz), 3.87 ( 8 , 3 H), 3.92 (9, 3 H), 4.37 (t, 2 H, J = 7 Hz), 6.56 (9, 2 H), 7.47 (9, 1 H), 9.94 (s, 1 a); 13C NMR 28.75, 29.05, 30.17, 55.63, 56.15, 64.96, 103.15, 103.60,110.44, 113.97, 115.06, 124.15, 127.22, 136.77, 149.58, 149.77, 150.36, 154.13, 162.21 ppm; IR (CDC13) 3350, 3060, 2945 ,1720 ,1610 ,1500 ,1360 ,1145 ,1100 ,1070 
2-[2-(Benzyloxy)ethy1]-5-[ ( 1 , l -d i m e t h o x y -lnaphthalenyl)methyl]furan (16).
To a solution of 2-bromo-1,4-dimethoxynaphthalene (15) (3.60 g, 13.5 mmol) in 15 mL of ether at -78 "C was added n-butyllithium (14.0 mmol). After the mixture was stirred for 10 min, aldehyde 14 (3.10 g, 13.5 mmol) in 20 mL of ether was added. The reaction mixture was allowed to warm to room temperature and was stirred for 30 min. The reaction mixture was then poured into water and was extracted with ether. The extracts were combined, washed with water and brine, dried, and concentrated in vacuo. The crude alcohol was dissolved in 20 mL of THF and was added to a solution of sodium borohydride (1.02 g, 27 mmol) in 20 mL of distilled diglyme at 0 "C. Boron trifluoride etherate (8.3 mL, 67 mmol) was added dropwise to the reaction mixture. The reaction mixture was stirred for 10 h and was then carefully quenched with water at 0 "C. The aqueous phase was extracted with ether. The extracts were combined, washed with water and brine, dried, and concentrated in vacuo. Chromatography on silica gel using 8:l hexane/ether afforded 2.98 g (55%) of 16 as a colorless oil: 300 MHz 'H NMR (CDC1,) 6 2.92 (t, 2 H, J = 6. 2 Hz Hz) . 13C NMR 28.66, 29.05, 55.64, 62.35, 68.45, 72.95, 105.72, 106.67, 106.96, 121.90, 122.32. 125.08, 125.84,125.98, 126.44,126.53. 127.59, 128.37, 128.62, 138.31, 147.07, 151.83, 152.96 ppm; IR film (3050, 2940 IR film (3050, , 2860 IR film (3050, , 1600 IR film (3050, , 1460 IR film (3050, , 1365 IR film (3050, , 1260 IR film (3050, , 1220 IR film (3050, , 1085 IR film (3050, , 1000 cm-'; high-resolution mass spectrum for C26H2604 requires 402.18312, measured 402.18256.
24 ( 8 Hz) . 13C NMR 28.76, 31.77, 55.68, 61.21, 62.35, 10b.63, 106.96, 107.28, 121.89, 122.27, 122.34, 125.14, 125.80, 126.60, 128.64, 147.11, 151.59, 151.87, 153 .51 ppm; IR (film) 37OC-3200 (br), 2960, 1600, 1560, 1375, 1265, 1220, 1090 The filtrate was concentrated in vacuo. The residue (0.71 g) was dissolved in 20 mL of methanol. After the addition of lithium hydroxide (0.30 g), the solution was refluxed for 12 h. The solution was then concentrated and diluted with water. The aqueous phase was extracted with ether. The extracts were combined, washed with water and brine, dried, and concentrated in vacuo. Chromatography on silica gel using 1:l hexane/ether afforded 0.37 g of 17.
7-Carboxy-8-[ (1,4-dimethoxy-2-naphthalenyl)methyl]-4,l l-dioxatricyclo[6.2.1.0'~6]undecan-9-one. With the procedure developed for 9, the crude adduct (1.20 g, 2.93 mmol) in 30 mL of acetone was hydrogenated to afford 1.14 g (95%) (mp 138-145 "C) as a mixture of diastereomers: 300-MHz 'H NMR (CDCU) 6 1.47-1.61 (m, 4 H), 2.14-2.22 (m, 2 H), 3.02 (d, 1 In connection with a number of ongoing research projects in our group, we needed to prepare a variety of 2-alkenylcyclobutanones. Among all the known methods for the synthesis of cyclobutanones, the most convenient for our needs appeared to be the addition of an a-heterosubstituted cyclopropyllithium reagent to an enone or end, followed by rearrangement of the adduct to a cyclobutanone (eq 1). Unfortunately, all of the available a-
hetero-substituted cyclopropyllithium reagents suffer from some drawback. Problems with available reagents include failure to afford cyclobutanones from aldehyde^,^ formation of byproducts in the rearrangement step: or conjugate addition to enones.' The best currently available reagent of this type is (1- methoxycyclopropy1)lithium (4) , 3 which cleanly undergoes 1,2-addition to enones to afford adducts which can be rearranged to 2-alkenylcyclobutanones in high yield under mild conditions. Generation of (1-methoxycyclopropy1)-lithium is accomplished by reductive desulfurizations of 
